A unique small animal centrifuge with on-line physiological monitoring and brain tissue collection (in < 1 s) capability was used to investigate the effect of in creasing + Gz levels, exposure duration, number of ex posures, and time course of metabolic changes in the rat brain, To determine the + G_ tolerance, rats were ex posed to +7,5 to 25 Gz (30 s �ach) and EEG was moni tored. G-induced loss of consciousness (G-LOC) defined as isoelectric EEG (I-EEG) occurred only at +22.5 and 25 Gz within 14.5 ± 3 s. To study the effect of increasing + G_ levels on metabolism, rats were exposed to either 0.5 {control) or + 7.5 to 25 Gz (30 s each), and brains were collected 1 min postcentrifugation by freeze fixation. A significant increase in lactate (;3 + 7.5 Go) and a decrease in glucose, creatine phosphate (Cr-P), and ATP levels were observed at + 15 Gz and higher. The effect of expo sure duration was investigated by exposing the rats to + 22.5 G_ for 15-60 s. Brain lactate levels increased six fold whil� glucose decreased (75%) following the 60-s ex posure. The level of Cr-P and ATP decreased signifi cantly after the 15-and 30-s exposures with no further
High sustained acceleration has been known to cause loss of consciousness (G-LOC) in pilots since World War I (Burton, 1988) . G-LOC can occur when an aircraft flies in a tight circular pattern for extended periods exposing pilots to high accelera tion forces. Centripetal acceleration results in an changes at longer + G_ exposures. For time course stud ies, brains were collected both during (5-35 s) and after (1-15 min) a +25 G_ exposure. A significant decrease in Cr-P occurred withi� 5 s, but changes in glucose, ATP, and lactate required 15 s. All metabolites returned to con trol levels within 3 min, except lactate and adenosine, which required 15 min. Exposure of rats to either one, three, or five runs at + 22.5 G_ (30 s each) resulted in an increase in lactate (ninefold) and a decrease in glucose (87%). Both Cr-P and ATP decreased after one exposure with no further change after three and five exposures. These results show that + Go exposures of short duration cause significant transient metabolic alterations consis tent with global cerebral ischemia. We propose that G-LOC (l-EEG) may be an acute response of the CNS to high + Go-imposed ischemic stress. G-LOC would reduce the overall brain energy demand and thus reduce anaer obic glycolysis and lactate production. Key Words: En ergy metabolites-+G_-G-induced loss of conscious ness-Global cerebral'ischemia-Small animal centri fuge.
inertial reaction of equal but opposite force (G) to displace organs and blood toward the extremities. In humans (with or without G protection devices), G-LOC can occur at + 5 Gz and higher and is char acterized by = 15 s of absolute mental and physical incapacitation followed by an equally long period of relative incapacitation (Whinnery et aI., 1987) . G-LOC occurs with a critical reduction in CBF, which has been measured in both baboons and hu man volunteers during +4 Gz and higher exposures in our centrifuge (Were han et aI., 1989) . Recently, using implanted flow probes, we found a progres sive decrease in carotid artery blood flow in rats during + 5 to 25 G z exposures (Werchan et aI. , 1993) . A decrease in cerebral blood volume (CBV) in rats during + Gz exposures, which caused G-LOC, has been reported (Galindo et aI., 1992) .
Even though the relationship between the reduc tion in CBF and + Gc exposure has been shown, little is known about its effect on brain physiology a n d metabolism. Several studies (Lowry et al., 1964; Winn et al., 1979; Ekholm et al., 1992; Kat sura et al., 1993) using decapitation, aortic transec tion, or cardiac arrest rodent models have shown significant changes in glucose and energy metabo lism within 30-120 s of global cerebral ischemia. The brain, metabolically a very active organ, de pends on CBF to provide its main source of energy, glucose and oxygen. The normal neuronal activity is completely dependent on a steady supply of ATP, a n d a decline in its concentration has been sug gested for EEG changes (Lipton and Whittingham, 1982; Erecinska and Silver, 1989) . Therefore, we hypothesized that + Gz exposure-induced reduc tions in CBF would perturb brain glucose and en ergy metabolism, and these alterations might be partially responsible for the occurrence of G-LOC.
In this study, we investigated the effect of in creasing + Gz levels, G exposure duration, number of repeated + Gz exposures, and the time course of metabolic changes during and after + Gz exposures i n rat brains in a specially fabricated small animal centrifuge (SAC).
EXPERIMENTAL METHODS

Animal preparation
Adult male Sprague-Dawley CD-V AF/Plus rats (Charles River Laboratories. Wilmington, MA, U. s.A.) were provided free access to food and water. Rats under went biparietal lateral EEG electrodes implantation ex actly as described before . Fully awake rats (2-3 h postsurgery) were placed in a Plexiglas holder and clamped to the SAC arm with the head facing the center shaft of the centrifuge for a + Go exposure.
SAC
The SAC is 5 ft (1.52 m) in diameter and is capable of + 1-85 G_ with an onset/offset rate of + 20 G js (Shahed et al., 19(4) . The operation of the SAC is fully comput erized, and it is equipped with a video camera, syringe pump, pressure transducers, and amplifiers for monitor ing EEG and ECG. The SAC is fitted with a freeze fixa tion device that injects compressed air (35 psi) into the rat cranium to remove brain tissue (�75%) on to two alumi num disks precooled in liquid N2 in < 1 s both during and after centrifugation.
Definition of G-LOC
The definition used for G-LOC was the appearance of isoelectric EEG (I-EEG) during G_ exposure (Burns et al., 1991) .
-+Gz exposure protocols
In all protocols, an onset/offset rate of + 20 Gjs and a freeze device were used for brain collection. To incor-porate stresses imposed by noise and restraint, the con trol groups (n = 6) in all protocols were exposed to + 0.5 Gz for 30 s, and brains were collected 1 min after the run (protocols I, 2, and 4) or at 30 s during the run (proto col 3).
Protocol I: effect of + Gz exposure on EEG and brain metabolites. Six groups (n = 6/group) of rats were ex posed to a single 30-s exposure of either + 7. 5, 10, 15, 17.5,20, 22.5, or 25 G: . Brains were collected I min post centrifugation.
Protocol 2: eHect of + G7 exposure duration on brain metabolites. Four groups of rats (n = 6/group) were ex posed to +22.5 G: for either IS, 30, 45, or 60 s. Brains were collected I min postcentrifugation.
Protocol 3: time course of metabolic changes before, during, and after single + 25 Gz exposure. Four groups of rats (n = 6/group) were exposed to +25 Gz for either 5, 15, 25, or 35 s. Brains were collected during centrifuga tion. In addition, three groups of rats (n = 6/group) were exposed to + 25 G_ for 35 s and brains collected at either 1, 3, or 15 min po stcentrifugation.
Protocol 4: effect of multiple + Gz exposures on brain metabolites. Three groups of rats (n = 6/group) were subjected to one, three, or five exposures at + 22.5 Gz for 30 s each with a 30-s interval between each run. Brains were collected 1 min after the last exposure.
Assay of metabolites
The frozen brain tissue (0.2 g) was homogenized in 2 ml of 7% cold perchloric acid using a Polytron homogenizer and centrifuged for 10 min at 10,000 rpm. The supernatant was neutralized with KOH. Lactate, pyruvate, and glu cose were assayed as previously described (Shahed et al., 1994) . An aliquot (100---200 f.ll) of the supernatant was used to measure creatine phosphate (Cr-P) and adenine nucleotides by ion pair reverse phase HPLC on a Waters NOVA PAK C IS column exactly as previously described .
Statistics
The data were assessed by one-way analysis of vari ance and Dunnett's follow-up test for mUltiple compari sons. All data are presented as means ± SD of six ani mals.
RESULTS
Effect of increasing level of + G z exposure on EEG and brain metabolites (protocol 1)
There was no significant difference in body tem perature between before (37.95 ± OSF) and after (37.76 ± 0.64°F) centrifugation. During + 0.5, 7. 5, 10, and 12.5 Gz exposures, no alterations in EEG recordings were observed (data not shown). How ever, EEG patterns started to alter during the + 15 to 20 Gz exposures and became flat or near isoelec tric at + 22.5 and 25 Gz. The I-EEG or G-LOC was observed 14.5 ± 3 s after the onset of + 22.5 Gz. EEG remained isoelectric for an additional 15-45 s postcentrifugation (Fig. l) .
The effect of increasing + Gz levels on brain me tabolites is shown in for EEG electrode implantation as described in Experimental Methods. Two to 3 h after rats were fully awake, they were subjected to 15-25 + Gz for 30 s each with 3-min rest period between each run. EEG was recorded as described. above +7.5 or + 17.5 Gz' respectively ( Fig. 2 , left). Significant decreases in the concentrations of Cr-P and ATP were observed at or above the + 15 Gz exposure (Fig. 2, right) . The levels of AMP, but not ADP, were elevated at and above + 7.5 Gz (Fig. 2 , Lactate right). Generally, the changes in these metabolites plateaued at or above + 15 Gz exposure.
Effect of +Gz exposure duration on brain metabolites (protocol 2)
For these experiments the + 22.5 Gz level was selected since this was the minimum level to induce G-LOC. Control rats were exposed to +0.5 Gz for only 30 s since preliminary experiments revealed no significant difference in the level of metabolites be tween 30-and 60-s runs. There was no significant change in tissue glycogen, but the level of glucose decreased significantly by 38, 79, and 75%, respec tively, after 30-, 45-, and 60-s exposures ( Table 1) . The level of lactate increased two-, four-, five-, and sixfold after 15-, 30-, 45-, or 60-s exposure, respec tively. The level of Cr-P (63%) and ATP (33%) de creased after 15 s, but remained relatively constant with longer + Gz exposure duration. The level of AMP but not of ADP, adenosine, or inosine in creased significantly as the exposure duration in creased.
Time course of meta�olic changes before, during, and after single +25 Gz exposure (protocol 3)
The level of lactate increased and glucose de creased significantl y 15 s after the onset of + G z' and continued to change at 25 s, but tended to pla teau by the 35-s time point (Fig. 3, left ). Glucose and lactate levels returned to control levels 3 and 15 min after the SAC run, respectively. The concen trations of Cr-P (21, 52, 62, and 65%) and ATP (12.5, 50, 47, and 60%) decreased at 5-, 15-, 25-, and 35-s time points, respectively ( Fig. 3, right) . The decrease in A TP was not significant until the 15-s time point. The rate of decrease in Cr-P and ATP, like lactate, appears to plateau after the 15-s time point, which is coincidental with the occurrence of G-LOC. The level of Cr-P and ATP returned to con- Values (mean ± SD) are expressed as f.lmol/g wet wt tissue, except for adenosine and inosine (nmol/g wet wt). Rats were exposed to +22.5 G_ for 15, 30,45. or 60 s in the small animal centrifuge (protocol 2), and brain samples were collected I min after deceleration by freeze fixation. Control rats were exposed to + 0.5 G, for 30 s.
" P < 0.05 as compared with control. n = 6. at each time point.
trol levels 3 min after the SAC run (Fig. 3, right) . The concentration of adenosine increased steadily during + Gz exposure, but highest elevation oc curred at 1 and 3 min, and it remained significantly elevated 15 min postcentrifugation (Fig. 3, right) .
Effect of multiple +Gz exposures on brain metabolites (protocol 4)
The time to the appearance of I-EEG or G-LOC was not significantly different during one, three, and five + Gz exposures (15.5 ± 4, l3.4 ± 3.2, and 20.3 ± 7 s, respectively). However, the EEG recov ery times (lapse for EEG to become normal) were delayed (27.5 ± 6, 39.4 ± 11, and 42.5 ± 14 s) after one, three, and five exposures, respectively. After five consecutive + 22.5 Gz exposures, a significant depletion of glucose (87%) and a ninefold increase in lactate accumulation were noted (Table 2) . Al though a significant decrease in Cr-P and ATP was observed after a single exposure, no further change was noted after three and five exposures. The level of AMP increased about four-and threefold after one and three exposures, respectively, but it was not significantly different from control after five ex- Rats were exposed to + 25 Gz for 5, 15, 25, or 35 s, and brains were col lected while the centrifuge was still running. Three more groups of rats were exposed to + 25 Gz for 35 s, and brains were collected 1, 3, or 15 min postcentrifugation. 
DISCUSSION
G-LOC, a potentially deadly situation, arises when an aircraft flies in a tight circular pattern for an extended period of time. The centripetal accel eration produced in the tight turns results in an in ertial reaction of equal but opposite force (G), which displaces organs and blood toward the feet. In the last 60 years, the complex cardiovascular physiology imposed by the high + Gz environment has been investigated using human centrifuges. However, little or no research has focused on the brain, the main target organ during the + Gz insult, perhaps due to a lack of a suitable animal model. It has been hypothesized that G-LOC is the manifes tation of either a total or an incomplete cessation of CBF. Thus, the metabolic consequences should be similar, if not identical, to the changes identified using other models of cerebral ischemia. The loss of CBF in both high G pilots and the rodent model may Rats were subjected to one, three, or five 30-5 exposures at + 22.5 G" with 30-s rest period between each run, and brain samples were collected 1 min after the last run by freeze fixation (protocol 4). Control rats were subjected to one 30-s run at + 0.5 Gz. Means ± SO, IJ-mol/g wet wt.
a p < 0.05 as compared with control, hp < 0.05 as compared with one exposure values, n = 6 in each group.
be due to the combination of two distinct cardio vascular events. If the onset of G is rapid and the level of G is sufficient, then the inertial force will exaggerate the normal hydrostatic column gradient from the heart to the brain. This relationship can be expressed in the following formula (Burton, 1973; Burton et aI., 1991) :
where Pais the mean arterial pressure, h is the height of the fluid column (heart-to-eye distance), d is the density of blood related to the specific density of mercury, and G is the inertial force of accelera tion exposure. Based on this formula and using val ues of, e.g., h = 50 mm, Pa = 100 mm Hg, and d = 13.6, the G tolerance of rats was calculated to be +27.2 Gz• In the present study, the +Gz tolerance of rats was found to be + 22.5 Gz• which correlates well with the calculated value and is �50% of the LDso level reported previously (Chae, 1975) .
In contrast, at low G onset rates or during G ex posure of longer duration, venous return to the heart may be severely compromised as blood begins to pool in the lower extremities. The decrease in venous return can cause reduction in cardiac out put. Both pathways of systemic cardiovascular ef fects will result in decreased eye-level blood pres sure instantaneously after the onset of + Gz. This situation has been observed in humans (Lambert and Wood, 1943; Henry et aI., 1951) and in swine (Burton, 1973) . On the other hand, if the G onset rate is high, a drop in Pa may not immediately in fluence CBF if autoregulatory mechanisms are in voked. However, we have shown a 95% reduction in the carotid artery blood flow (using a chronically implanted carotid artery flow probe and rapid onset rate) and a 45% reduction in CBV in rats 5 s after the onset of a + 25 Gz exposure in the SAC (Wer chan et aI., 1993). Studies on CBF using different G onset rates and exposure duration are currently in progress.
Although the reduction in CBF occurs within sec onds after the onset of + 22.5 Gzo G-LOC requires � 15 s (Fig. I) , similar to the observations in humans (Jasper et aI., 1942) . The reason for this delay is not fully clear, but based on the results (Figs. 2 and 3) , it is suggested that the level of oxygen and energy reserves of the brain may be sufficient for maintain ing neuronal activity during the 15-s period prior to the onset of G-LOC. We have previously reported that even though CBF stops within seconds of onset of + Gz• CBV decreases by only 45%, which may be the result of "trapped" blood in the capillaries (Gal indo et aI., 1992) . In addition, it is possible that hemodyn<,tmic compensatory factors, such as cere bral vasodilation (Henry et aI., 1951) and a negative cerebrospinal fluid pressure (Rushmer et aI., 1947; Moskalenko et aI., 1974) , may play a role in main taining the intracerebral circulation at a very low level during + Gz exposure. Furthermore, adeno sine, a potent cerebral vasodilator (Wahl and Kuschinsky, 1979; Winn et aI., 1979) , increased during + Gz exposure (Fig. 3, right) , and it may be involved in both delaying G-LOC and post + Gz exposure recovery phase.
Relatively little is known of the effect of short duration high + Gz exposures on brain metabolism. Accomplishment of this goal required brain tissue collection before, during, or after centrifugation. In previous studies (Cananau et aI., 1975; Debiec et aI., 1978) , 3-to 60-min exposure at + 10 Gz (+ 0.1 G/s) caused a significant increase in brain glucose and lactate and a decrease in the activity of certain cytosolic and mitochondrial enzymes postcentrifu gation. The present rodent SAC model has high + Gz capability and high onset/offset rates and al lows brain collection both during and after expo sure. The results clearly show a significant increase in lactate production starting at only + 7.5 G z' whereas reductions in glucose, Cr-P, and ATP were seen at or above + 15 Gz (Fig. 2) . These alterations are probably the result of partial to complete cere bral ischemia and a subsequent shift to anaerobic glycolysis. It is likely that a complete cessation of CBF occurs at or above + 22.5 Gz• resulting in G-LOC. It is also notable that the rate of metabolic changes appears to plateau beyond the + 15 Gz ex posure. This may be the result of reduced neuronal activity as reflected in EEG changes (Fig. 1) during + 15 Gz and higher exposures, which in turn re duces energy demand and anaerobic glycolysis. This hypothesis is further supported by data in Ta ble 1. The increase in the + 22.5 Gz exposure dura tion from 15 to 60 s, contrary to our expectation, did not result in greater proportional changes of Cr-P, ATP, or lactate. For example, there was a 91 and 111% increase in lactate production after the 15and 30-s exposures, respectively, but only a 22 and 23% increase (over 30-s time point) was noted after 45-and 60-s exposures. These kinetics suggest a slowing of the metabolic rate.
The time course of metabolic changes during a single + 25 Gz exposure (Fig. 3) for the most part is similar to those observed using bench-top models of sudden complete global ischemia. Based on this similarity and our earlier studies showing reduc tions in both CBF and CBV, it is suggested that a + 25 G z exposure may induce complete global isch emia for � 30 s. In the rodent SAC model, signifi cant decreases in Cr-P and ATP (50%) levels were seen within 5 and 15 s, respectively (Fig. 3, right) . However, in static models, a significant decrease in ATP levels has been shown only after 30-60 s of complete global ischemia in anesthetized rats (Lowry et aI., 1964; Winn et aI., 1979; Ekholm et aI., 1992) . This difference c;ould be du e to the fact that our centrifuge rats were fully awake. Depletion of energy metabolites has been proposed as one of the reasons for the cessation of neuronal activity (Siesj6, 1978; Raichle, 1983) . In other studies, EEG becomes isoelectric within 15 s after ischemia be fore a significant decrease in ATP level (Naritomi et aI., 1988; Alger et aI., 1989) . In the present study, although significant decreases in the concentrations of Cr-P (57%) and ATP (50%) were observed, they were not depleted at the onset of I-EEG (Fig. 3,  right) . Also, after the SAC run, and presumably the resumption of CBF, EEG recovery was evident within 15-45 s, but Cr-P and ATP levels were not restored to control levels until 3 min. This disparity may be partially explained using the concept of en ergetic compartmentation, which suggests that the location and rate of ATP utilization may be hetero geneous within the nerve cell (Erecinska and Silva, 1989; Whittingham, 1990) . That is, during ischemia ATP may be depleted more rapidly in one area of the cell than in others, and this (depletion) may not be fully reflected when whole-brain concentrations are measured as was done in the present study. Neuronal function depends upon the preservation of an ionic gradient across the cell membrane, and it is estimated that � 50% of A TP is used for this pur pose by the activity of Na + , K + -ATPase (Astrup, 1982) . Since ATP level decreased by 50% at the time of G-LOC (Fig. 2, right) , it is hypothesized that high + Gz exposure causes global cerebral isch emia, and a subsequent decrease in energy produc tion/reserve (below the critical level in discrete ar eas) may trigger the loss of neuronal activity of G-LOC.
Repeated + Gz exposures have been shown to el evate blood lactate and creatine kinase MM activity (Burton, 1980; Borredon et aI., 1985) . Although, mUltiple + Gz exposure has recently been shown to cause brain edema in rats (Shahed et aI., 1994) , its effect on cerebral metabolism is not known. Con trary to our expectation, the levels of Cr-P and ATP were not depleted as the + 22.5 G z exposures (isch emic episodes) increased from one to five (Table 2) . It is likely that during the 30-s rest period between runs (where + Gz level returned to + 0.5), a postex posure hyperemic response (Werchan et aI., 1989 (Werchan et aI., , 1993 partially replenished glucose and oxygen and prevented further reductions of Cr-P and ATP. Also, since the time for an animal with I-EEG (G LOC) to return to normal increases with the number of G exposures, it is likely that during the third and fifth + Gz exposures, neuronal activity is still de pressed and thus the energy demand remains low. Although the concentration of glucose, after three exposures, was similar to the controls, it was 87% lower and the level of lactate was more than nine fold higher after five exposures (Table 2) . It is spec ulated that following five successive exposures, the cardiovascular system is fatigued and a reduced cardiac output could minimize the post + Gz expo sure hyperemic response. This could result in a mis match of supply and demand of tissue glucose. In creased accumulation of lactate after the fifth ex posure may represent a cumulative level from pre vious exposures due to short (30-s) recovery peri ods between runs. From the time course data, it is evident that 30 s is not sufficient for metabolic re covery (Fig. 3, left) . These results suggest that re peated G-LOC episodes may be more severe due to cardiovascular changes and lactacidosis.
In summary, our study shows that the rodent SAC model is most suitable for investigating the physiologic and metabolic effects of + Gz exposure leading to G-LOC. Furthermore, high + Gz expo sures, as short as 15 s, cause significant but tran sient alterations in CBF and cerebral metabolism consistent with global ischemia and resulting in G-LOC. It is proposed that G-LOC could serve to reduce energy consumption (due to loss of neuronal function) and therefore reduce the need for anaer obic oxidation of glucose, which produces lactate.
